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E-mail address: brendan_price@dfci.harvard.edu (BPhosphorylation of H2AX functions to recruit DNA repair complexes to sites of DNA damage. Here,
we report that H2AX is constitutively acetylated on lysine 36 (H2AXK36Ac) by the CBP/p300 acetyl-
transferases. H2AXK36Ac is required for cells to survive exposure to ionizing radiation; however,
H2AXK36Ac levels are not increased by DNA damage. Further, acetylation of H2AX did not affect
phosphorylation of H2AX or the formation of DNA damage foci. Finally, cells with a double mutation
in both the H2AX acetylation and phosphorylation sites were more radiosensitive than cells contain-
ing individual mutations. H2AXK36Ac is therefore a novel, constitutive histone modiﬁcation located
within the histone core region which regulates radiation sensitivity independently of H2AX
phosphorylation.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In response to DNA double-strand breaks (DSBs), serine 139 of
H2AX is rapidly phosphorylated by ATM and related kinases [1].
Formation of cH2AX provides binding sites to recruit the mdc1
protein [2], which then functions as a platform to concentrate
DNA repair proteins at DSBs [3,4]. Consequently, loss of H2AX is
associated with increased genomic instability and sensitivity to
ionizing radiation (IR) [5,6]. Histones are also modiﬁed on lysine
by methylation, ubiquitination and acetylation [7]. Histone acety-
lation is signiﬁcantly increased in response to DNA damage, and
it is now clear that chromatin acetylation is important for DSB re-
pair. The acetylation of H2A and H2AX on lysine 5 by Tip60 plays a
key role in the DNA damage response [8–11]. In drosophila, acety-
lation of H2Av on lysine 5 is required for removal of H2Av from the
chromatin and for its subsequent dephosphorylation [10]. Acetyla-
tion of histone H4 [8,9,12] and H2AX [10,11] is required for the for-
mation of open chromatin structures at DSBs, regulating the extent
of cH2AX formation and is critical for facilitating access of the DNAchemical Societies. Published by E
IR, ionizing radiation; HAT,
e; H2AXK36Ac, H2AX acety-
r Cancer Institute, 44 Binney
.D. Price).repair machinery to DSBs [13]. Increased acetylation of histones at
DSBs therefore makes a key contribution to DSB repair by regulat-
ing histone exchange, remodeling chromatin structure and facili-
tating the recruitment of DNA repair proteins to sites of DNA
damage. However, whether H2AX contains other sites for lysine
acetylation which are important for the DNA damage response is
not known. Here, we demonstrate that acetylation of lysine 36 of
H2AX is essential for cells to survive exposure to DNA damage,
and show that this function of lysine 36 is independent of the
phosphorylation of serine 139.2. Materials and methods
2.1. Cell culture
Flag-HA-H2AX cDNA was inserted into the pIRESpuro3 (Clon-
tech, CA) expression vector. Mutations were created using the
QuickChange Site-Directed Mutagenesis Kit (Stratagene, CA).
293T cells, and H2AX/ MEF cells (provided by A. Nussenzweig
[6]) were maintained in Dulbecco’s Modiﬁed Eagle’s Medium sup-
plemented with 10% fetal bovine serum. Transfections were carried
out using FuGene6 (Roche, IN) or Lipofectamine 2000 (Invitrogen,
CA) and stable cell lines established using puromycin. Cell survival
assays, ﬂow cytometry and immunoﬂuorescent staining are de-
scribed in [14,15]. For cell synchronization, exponentially growinglsevier B.V. All rights reserved.
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dine for 18 h, with 10 h in thymidine free medium between expo-
sures. G1/S phase and S phase cells were obtained immediately
upon or 2 h after the release from thymidine block. G2/M arrest
was achieved with nocodazole (40 ng/ml for 18 h).Fig. 1. Mutation of lysine 36 of H2AX confers sensitivity to IR. (a) H2AX/ MEFs,
wild type H2AX MEFs (H2AX+/+) or H2AX/ MEFs reconstituted with H2AX
(H2AXwt) were irradiated (5 Gy). H2AX, cH2AX and H3 were measured by western
blot. (b) H2AX/MEFs reconstituted with H2AXwt or H2AX with alanine mutations
at lysines 118 and 119 (H2AXK118/119A) were irradiated (IR: 5 Gy). H2AX and cH2AX
were measured by western blot analysis. Ubiquitinated cH2AX is shown. (c)
H2AX/ MEF cells reconstituted with H2AXwt or H2AX with alanine mutations at
lysines 5 and 9 (H2AXK5/9A), lysines 5, 9, 13 and 15 (H2AXK5/9/13/15A) or lysine 36
(H2AXK36A) were irradiated. H2AX and cH2AX were measured by western blot. (d)
H2AX/ MEFs expressing vector, wild type H2AX or H2AX with mutations at K5/
9A, K5/9/13/15A, K118/119A or K36A were irradiated as indicated. 12 days later,
clonogenic cell survival assays were carried out. Results ± S.E. (n = 3). (e) H2AX/
MEFs expressing H2AX, Vector or H2AX with the mutation K36R were irradiated as
indicated. 12 days later, clonogenic cell survival assays were carried out.
Results ± S.E. (n = 3).2.2. Western blotting
Rabbit polyclonal antibody AbK36Ac was raised using the syn-
thetic peptide 29-RVHRLLR(AcK)GHYAER-42. AbK36Ac was puri-
ﬁed by sequential afﬁnity chromatography against unacetylated
peptide and acetylated peptide. Preparation of cell lysates, anti-
bodies, acid extraction of histones and immunoprecipitation are
described in [15,16].
3. Results
To determine the contribution of conserved lysines on H2AX to
the cells DNA damage response, lysine residues were individually
mutated and expressed in H2AX/ MEFs. H2AX was cloned into
the inducible pIRES vector to allow controlled expression of
H2AX. Fig. 1a demonstrates that the expression levels and phos-
phorylation of exogenous H2AX (H2AXwt) were similar to that of
endogenous H2AX in H2AX+/+ MEFs. Each of the H2AX constructsFig. 2. Lysine 36 of H2AX is acetylated. (a) H2AX/ MEFs expressing H2AXwt or
H2AXK36R were irradiated (5 Gy) and allowed to recover. cH2AX and H2AX were
monitored by western blot. (b) 293T cells expressing Flag-H2AX were incubated
with TSA (0.4 lM) or nicotinamide (NIA: 10 mM) for 8 h. H2AX and H2AXK36Ac
were monitored using antibody AbK36Ac. (c) 293T cells expressing Vector, Flag-
H2AXwt or Flag-H2AXK36R were untreated or exposed to TSA (0.4 lM for 8 h) and
immunoprecipitated with Flag antibody. H2AXK36Ac was monitored by western
blot using AbK36Ac. (d) Histones from H2AX+/+ MEF cells were immunoprecipitated
with IgG or AbK36Ac. H2AX was detected by western blotting. (e) 293T cells were
transiently transfected with Flag-H2AX and either vector, Flag-PCAF, Flag-GCN5,
HA-CBP, HA-p300 or HA-Tip60. 72 h later, chromatin associated histones (upper
panel) and total proteins (lower panel) were extracted. Acetylation of lysine 36 was
detected with AbK36Ac antibody, and expression of HATs was monitored with anti-
Flag or anti-HA antibody.
Fig. 3. Acetylation of lysine 36 of H2AX is not altered by DNA damage. (a) 293T cells expressing Flag-H2AX were irradiated (5 Gy) and chromatin associated histones isolated.
H2AX, cH2AX and H2AXK36Ac were detected by western blot. (b) 293T cells expressing Flag-H2AX, Flag-H2AXK36R or Flag-H2AXS139A were irradiated (5 Gy). H2AX, cH2AX
and H2AXK36Ac were measured by Western blot. (c) H2AX/ MEFs expressing H2AXwt or H2AXK36R were irradiated (2 Gy) and allowed to recover for 1 h. Cells were ﬁxed
and immunoﬂuorescent staining carried out using anti-53BP1 antibody. (d) Quantitation of 53BP1 foci in cells expressing H2AX or H2AXK36R mutations. Cells were either
untreated (0) or irradiated (2 Gy) and the number of cells containing >5 foci counted 1 or 5 h post-irradiation. (e) 293T cells stably expressing Flag-H2AX were either growing
asynchronously (AS) or synchronized at the G1/S boundary, in S phase or G2/M as described in methods. H2AXK36Ac was monitored using AbK36Ac. (f) Western blots in (e)
were scanned, and the ratio of K36 acetylation signal to total H2AX signal calculated.
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H2AXwt and were phosphorylated in response to DNA damage
(Fig. 1b and c). Further, mutation of lysines 118 and 119 eliminated
the ubiquitinated form of H2AX, conﬁrming that this is the site of
H2AX ubiquitination (Fig. 1b).
H2AX/ MEF cells exhibit increased sensitivity to IR [6]. MEFs
expressing the various H2AX proteins were irradiated and clono-
genic cell survival measured. Complementation of H2AX/ MEFs
with H2AX increased the radioresistance of the cells (Fig. 1d,
H2AXwt). Mutations targeted to the n-terminal regulatory domain
of H2AX (H2AXK5/9A and H2AXK5/9/13/15A) had similar radiosensitiv-
ity to cells expressing wild type H2AX (Fig. 1d). Therefore, although
lysine 5 of H2AX is acetylated after DNA damage [10], neither ly-
sine 5 nor other n-terminal lysines contribute to the level of cH2AX
(Fig. 1c) or the ability of cells to survive exposure to IR (Fig. 1d).
Therefore, while acetylation of lysine 5 of H2AX may play a key
role in regulating the turnover of cH2AX [10], loss of this acetyla-
tion site does not signiﬁcantly impact the ability of cells to repair
and survive exposure to IR. A double mutation of lysines 118 and119, which abolishes ubiquitinated H2AX (Fig. 1b), only partially
complemented the radiosensitivity of the H2AX/ MEFs
(Fig. 1d), even though it demonstrated normal levels of cH2AX
(Fig. 1b). Previous reports indicate that H2AX ubiquitination by
RNF8 is required to recruit the rap80-brca1 complex and 53BP1
to sites of DNA damage [17,18]. Ubiquitination of H2AX may there-
fore function to recruit brca1 to DSBs and be important for cells to
survive IR-induced DNA damage.
Mutation of lysine 36 had a profound effect on H2AX function
(Fig. 1d). Expression of H2AXK36A in H2AX/ MEFs failed to com-
plement the increased radiosensitivity of these cells, even though
the H2AXK36A protein was efﬁciently phosphorylated after DNA
damage (Fig. 1c). H2AXK36 is in the histone core domain, and
may be important for histone–histone or histone–DNA interac-
tions. Because mutation of lysine 36 to alanine will eliminate the
charge on this residue, lysine 36 was also mutated to arginine to
retain the positive charge. H2AXK36R also failed to complement
the increased sensitivity of H2AX/ cells to IR (Fig. 1e). Further,
the kinetics of H2AX phosphorylation and dephosphorylation were
Fig. 4. Acetylation of lysine 36 of H2AX is independent of H2AX phosphorylation. (a) H2AXwt, H2AXK36R, H2AXS139A or H2AXK36R/S139A were irradiated (5 Gy). H2AX and
cH2AX measured by western blot. (b) H2AX/MEFs expressing vector (H2AXVec), H2AXwt, H2AXK36R, H2AXS139A or H2AXK36R/S139A were irradiated. 12 days later, clonogenic
cell survival assays were carried. Results ± SD (n = 3). (c and d) 293T cells expressing Flag-H2AX were incubated with TSA (0.4 lM). H2AX, H2A and H3 acetylation were
measured using antibodies speciﬁc for H2AXK36Ac (AbK36Ac), H2AK5Ac or H3K9/14Ac. Western blots were scanned, and the ratio of acetylation signal to total histone signal
calculated.
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these results indicate that H2AXK36 plays a critical role in the
function of H2AX during DNA damage.
An acetylation speciﬁc antibody, AbK36Ac, was raised to exam-
ine H2AXK36 acetylation. 293T cells expressing Flag-H2AX were
incubated with trichostatin A (TSA) (to inhibit class I and II histone
deacetylases (HDACs)) or nicotinamide (to inhibit SIRT deacety-
lases) [19]. AbK36Ac recognized an H2AX band whose intensity in-
creased after incubation with TSA, but not nicotinamide (Fig. 2b),
implicating class I and II HDACs in the regulation of H2AX acety-
lated on lysine 36 (H2AXK36Ac). The AbK36Ac antibody recog-
nized a TSA stimulated H2AX band from H2AXwt cells but not
from H2AXK36R cells (Fig. 2c), demonstrating that lysine 36 is re-
quired for acetylation. To determine if endogenous H2AX was acet-
ylated at lysine 36, histones were isolated from wild type MEF
cells. H2AX was immunoprecipitated with AbK36Ac antibody but
not with IgG (Fig. 2d). These results demonstrate that H2AX is acet-
ylated at lysine 36 in vivo, and that class I/II deacetylases regulate
acetylation at this site.
To identify the histone acetyltransferase (HAT) responsible for
acetylation of H2AX, 293T cells were cotransfected with Flag-
H2AX and the indicated HAT (Fig. 2e). Co-expression of CBP or
p300 dramatically enhancedH2AX acetylation of lysine 36,whereas
PCAF, GCN5 and Tip60 hadminimal impact. CBP and p300 are there-
fore responsible for acetylation of H2AX on lysine 36, and provide
additional evidence that lysine 36 of H2AX is a site for acetylation.
Next, we examined if acetylation of lysine 36 was increased by
DNA damage. However, although IR increased the phosphorylation
of H2AX (Fig. 3a), no signiﬁcant change in the levels of H2AXK36Ac
were detected. Further, Fig. 3b demonstrates that the H2AXS139A
phosphorylation mutant was still acetylated on lysine 36, and that
the H2AXK36R mutant was still phosphorylated on serine 139,demonstrating that these two post-translational modiﬁcations
are independent of each other. Finally, we examined the recruit-
ment of 53BP1, a sensitive marker of DNA damage [18], to sites
of DNA damage using immunoﬂuorescent staining. 53BP1 was efﬁ-
ciently located to DSB in both H2AXwt and H2AXK36R cells (Fig. 3c),
and there was no signiﬁcant difference in the number of 53BP1 foci
between the H2AXwt and H2AXK36R cells up to 5 h after irradiation
(Fig. 3d). This indicates that retention of 53BP1 does not require
H2AXK36Ac. H2AXK36Ac does not, therefore, impact radiosensitiv-
ity by altering functions of H2AX which are processed through
phosphorylation of serine 139.
H2AXK36Ac is a constitutive modiﬁcation located in the core
domain of H2AX, where it is likely to be inaccessible. Histone mod-
iﬁcations within core domains are often deposited onto the DNA
during replication; consequently, their levels increase during cell
cycle progression. 293T cells were synchronized in G1/S, S phase
or G2-M and H2AX acetylation compared to asynchronous cells.
Cells in S phase and G2 displayed signiﬁcant increases in H2AX-
K36Ac compared to either asynchronous or G1 phase cells
(Fig. 3e and f), implying that acetylated H2AX is deposited onto
the chromatin during DNA replication.
The lack of functional interaction between H2AXK36Ac and
phosphorylation of H2AX implies that phosphorylation and acety-
lation of H2AX regulate radiosensitivity through different path-
ways. To test this, H2AXwt, H2AXK36R, H2AXS139A and H2AXK36R/
S139A were stably expressed in H2AX/ (Fig. 4a). Clonogenic cell
survival assays demonstrated that H2AXwt complemented the in-
creased sensitivity of H2AX/ cells to IR, whereas H2AXK36R and
H2AXS139A were inactive, as expected (Fig. 4b). Signiﬁcantly, the
H2AXK36R/S139A double mutant cells were more sensitive to IR than
either H2AXK36R or H2AXS139A alone. Therefore, phosphorylation of
serine 139 and acetylation of lysine 36 function in two distinct
2930 X. Jiang et al. / FEBS Letters 584 (2010) 2926–2930pathways to regulate the ability of cells to repair and survive expo-
sure to IR.
Because H2AXK36Ac is predicted to be buried inside the chro-
matin structure, we next examined the dynamics of lysine 36 acet-
ylation. Cells were incubated with TSA to prevent deacetylation
and the kinetics of histone acetylation monitored. TSA rapidly in-
creased acetylation of lysine 5 of H2A and lysines 9 and 14 of
H3, with an approximate 4-fold increase within 60 min and a
greater than 10-fold increase within 6 h (Fig. 4c and d). This rapid
acetylation of H2A and H3 reﬂects the fact that the n-terminals of
these histones protrude from the nucleosome and are dynamically
acetylated in the cell. In contrast, H2AXK36Ac exhibited a slow in-
crease in acetylation after TSA addition, with only a 3-fold increase
6 h after treatment. The relatively slow dynamics of TSA induced
acetylation indicates that H2AXK36Ac represents a stable modiﬁ-
cation which is buried within the nucleosome structure.
4. Discussion
Using immunological and genetic approaches, we demonstrated
that lysine 36 of H2AX was acetylated, and that H2AXK36Ac was
required for cells to survive exposure to IR. However, H2AXK36Ac
was not altered by IR and did not impact either H2AX phosphory-
lation or the formation of mdc1 or 53BP1 foci. H2AXK36AC is
therefore functionally distinct from DNA damage pathways which
operate through phosphorylation of the c-terminal of H2AX. Fur-
ther, H2AXK36Ac was not subject to dynamic regulation, since
the turnover of H2AXK36Ac was much slower than the turnover
of lysine acetylation on the n-terminal of H2A and H3 (Fig. 4).
These results are consistent with H2AXK36Ac being a constitutive
modiﬁcation located within the core domain of H2AX, and there-
fore buried within the nucleosome structure.
The CBP and p300 acetyltransferases [20] were implicated in
the acetylation of lysine 36 of H2AX. CBP and p300 also acetylate
histone H3 on lysine 56 [21], and defects in the acetylation of
H3K56 results in increased sensitivity to genotoxic agents
[21,22]. Further, H3K56Ac, like H2AXK36, is located in the histone
core domain. The acetylation of both H3K56 [22] and H2AXK36
(Fig. 3) are increased during S phase, implying that the acetylated
forms of both these histones are incorporated into the chromatin
during DNA replication. Functionally, acetylation of H3K56 and
H2AXK36 will neutralize the positive charge on these lysines,
reducing the strength of the histone–DNA interaction within the
nucleosomes. The loss of acetylation of H2AXK36may therefore in-
crease nucleosome stability, preventing the DNA repair machinery
from processing the adjacent DSBs, and therefore leading to in-
creased radiosensitivity.
In conclusion, H2AXK36Ac is a stable, constitutive histone mod-
iﬁcation located within the histone core region. Importantly,
H2AXK36Ac regulates radiosensitivity through a novel pathway
which is independent of the well described cH2AX signaling path-
way. A small number post-translational modiﬁcations have been
identiﬁed within histone core domains, including methylation of
H3K20 and acetylation of H3K56, both of which have been impli-
cated in the DNA damage response [22,23]. The identiﬁcation of
H2AXK36Ac adds a new member to this category of functionally
important constitutive core histone modiﬁcations which are criti-
cal for the repair of DSBs.
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